Background: There is a need for diagnostic biomarkers that can rapidly differentiate dogs with sepsis from dogs with noninfectious forms of systemic inflammatory response syndrome (NSIRS).
S epsis, defined as the systemic inflammatory response to infection, is associated with substantial morbidity and, in many cases, death in the dog. [1] [2] [3] Differentiating between sepsis and noninfectious forms of systemic inflammatory response syndrome (NSIRS) is a diagnostic challenge in many dogs because the inflammatory response and clinical presentation for dogs with sepsis and NSIRS can be indistinguishable. The most commonly used methods of detecting the microorganism causing sepsis such as culture, cytology, serology, or histopathology are often not rapid enough to allow immediate identification of sepsis. There is a need for biomarkers that identify dogs with sepsis so that a rapid diagnosis is achieved and appropriate specific therapy initiated. Identifying prognostic biomarkers for sepsis is also important, both for management of the individual dog and the population as whole. Evaluation of prognostic biomarkers in individual dogs is helpful in guiding decision-making with the pet owner, while populationcentered biomarkers allow comparison of disease severity in dogs in multicenter investigations and among investigations. Currently, diagnostic and prognostic biomarkers for sepsis in dogs are lacking. C-type natriuretic peptide (CNP) is expressed primarily by the vascular endothelium and macrophages in response to several stimuli, including inflammatory mediators such as tumor necrosis factor, interleukin-1b, and transforming growth factor-b, that are known to be important in the pathogenesis of sepsis. [4] [5] [6] Importantly, microbial products including lipopolysaccharide directly stimulate CNP production. 5 CNP is a particularly interesting biomarker for sepsis because CNP might be important in the innate immune response to infection. CNP exhibits antimicrobial activity by both inhibiting microbial growth and by modifying the pathogenicity of microorganisms. 7, 8 People with severe sepsis have significantly greater serum CNP concentration than do healthy people or people with congestive heart failure, hypertension, or chronic kidney disease. 9 However, the clinical use of CNP as a biomarker for sepsis in people has been hindered by poor stability of the molecule in peripheral blood. 10 Recently, identification and assay development for the amino-terminal (NT) portion of proCNP (pCNP) has offered a new method for evaluating CNP production. Compared with CNP, NT-pCNP is a larger molecule; it has a longer half-life in circulation and does not readily cross react with other natriuretic peptides, thus affording greater potential for clinical utility. [10] [11] [12] Because CNP and NT-pCNP are produced and secreted in equimolar amounts after intracellular proteolytic cleavage of pro-CNP, NT-pCNP is a reliable marker of CNP biosynthesis. 10, [12] [13] [14] In the current study, serum NT-pCNP concentrations were evaluated within 24 hours of admission to an intensive care unit (ICU) and compared between dogs with sepsis, dogs with NSIRS, and healthy dogs to determine if NT-pCNP could be used as a biomarker for sepsis in dogs. We hypothesized that dogs with sepsis from a variety of sources would have significantly greater serum NT-pCNP concentrations compared with dogs with NSIRS or healthy controls; that serum NT-pCNP concentrations would be similar among dogs with various sources of sepsis; and that serum NT-pCNP concentration would be a sensitive and specific diagnostic and prognostic biomarker for sepsis in dogs.
Materials and Methods
Dogs that presented to the University of Missouri Veterinary Medical Teaching Hospital ICU between October 2008 and May 2010 were eligible for inclusion in this prospective observational study. Client consent was obtained. The study was conducted in accordance with guidelines for clinical studies from the University of Missouri Animal Care and Use Committee. Each dog was required to have a complete physical examination, CBC, as well as appropriate diagnostic testing to document the presence of infection. The dogs were required to have appropriate physical parameters evaluated at the time of sample collection and laboratory parameters within 12 hours of sample collection. Dogs that were o6 months of age were excluded. All dogs in the sepsis or NSIRS groups were deemed critically ill by the attending veterinarian and required hospitalization for treatment. Case management was at the discretion of the attending veterinarian. A healthy control group consisted of dogs owned by the employees and students at the UM College of Veterinary Medicine.
Sepsis and NSIRS Groups
An SIRS score was determined for each dog by assigning 1 point for each of the SIRS criteria that were fulfilled for a maximum of 4 points. The SIRS criteria used for this study were hypothermia (temperature 37.81C) or hyperthermia (temperature !39.71C); tachycardia (heart rate !160 beats per minute); tachypnea (respiratory rate !40 breaths per minute); and a leukocytosis (white blood cell count !12,000 cells/mL), leukopenia (white blood cell count 4,000 cells/mL), or left shift (!10% band neutrophils). 3, [15] [16] [17] [18] Dogs were required to have a SIRS score of !2 to be enrolled in the study. Infectious disease testing was performed as appropriate for the clinical findings in each dog. Samples for cytology, culture, histopathology, or antigen/antibody testing were collected from the appropriate anatomic region in dogs where a specific anatomic region of interest could be identified (eg, dogs with peritonitis would have collection of abdominal fluid and/or tissues; dogs with evidence of pulmonary disease would have collection of bronchoalveolar lavage fluid and/or lung tissue). For dogs with immunemediated hemolytic anemia (IMHA), testing for vector-borne disease based on geographic exposure to vectors was performed. Dogs that presented with historical or clinical evidence of acute trauma ( o4 hours) and no evidence of bowel or bladder rupture on examination or radiography within 72 hours of hospital admission; intoxication; or endocrinopathy without other clinical evidence of infection did not undergo testing for infectious diseases. Acute respiratory distress syndrome was defined based on the Dorothy Russell Havemeyer Working Group on ALI and ARDS in Veterinary Medicine consensus definition. 19 Dogs that had evidence of infection based on cytology, culture, histopathology, and/or antigen/ antibody testing were assigned to the sepsis group. The sepsis group was further divided into subgroups (abdominal, musculoskeletal, peritoneal, pleural, pulmonary, subcutaneous, systemic, urogenital) based on the source of sepsis. The NSIRS group consisted of dogs that did not have evidence of infection. Dogs that did not meet the inclusion criteria for either the sepsis or NSIRS group or that were euthanized for reasons other than a grave prognosis were excluded from the study.
Control Group
Dogs owned by University of Missouri, Veterinary Medical Teaching Hospital employees and students were enrolled as a control group. Dogs in the healthy control group could not have had vaccination or administration of medications, with the exception of routine parasitic prevention, within the month proceeding sample collection and were required to have an unremarkable history for the preceding month, physical examination, CBC, and plasma biochemical profile.
Sample Collection
The medical records of each dog enrolled were reviewed and clinical parameters were recorded for each dog including white blood cell count, evidence of infection, duration of hospitalization and mortality. Blood samples were collected into evacuated glass tubes within 24 hours of ICU admission for sepsis or NSIRS dogs. Blood was centrifuged (1,500 Â g, 7 minutes) and serum harvested within 1 hour of sample collection. The serum was placed in an airtight, freezerresistant plastic tube and stored for a maximum of 9 months at À801C for batch analysis. Tubes were coded so that the identity of the sample was only known by the investigator and not to the laboratory.
NT-pCNP Assay
Serum NT-pCNP was evaluated by a commercial laboratory. a The NT-pCNP assay was performed by a sandwich ELISA, which utilizes a highly purified polyclonal sheep antibody directed against amino acids 1-19 and 30-50 of human NT-pCNP (96% homologous with canine pCNP [http://www.ncbi.nlm.nih.gov/genome/ guide/dog; http://blast.ncbi.nlm.nih.gov/Blast.cgi]). Interassay and intra-assay coefficients of variation for this assay using dog serum are 7-9 and 4-5%, respectively. Percent recovery is 91.3 AE 5.9% using spiked canine serum samples with 6, 18, and 30 pmol of NT-pCNP. Linearity was tested by performing serial dilutions of canine serum over a series of NT-pCNP concentrations, which gave linear regression analysis results (R 2 50.991). To assess day-to-day variation in serum NT-pCNP concentrations, serum was collected from 8 healthy dogs every 24 hours for 5 days. The day-to-day coefficient of variation for serum NT-pCNP in healthy dogs was 9.8 AE 2.5% over the 5-day period. The effects of storage at À801C were assessed by measuring serum NT-pCNP concentration (range, 3.4-38.1 pmol/L) in 10 serum samples evaluated immediately and again after storage at À801C for 9 months; recovery was 110 AE 11% after storage. The lower limit of detection of this assay is 0.55 pmol/L.
Statistical Analyses
Statistical analysis was performed by commercially available software. b The Kolmogorov-Smirnov statistical test for normality was used to determine if data were normally distributed. When possible, data were transformed by the natural log function to fulfill normality assumptions. A Kruskal-Wallis 1-way analysis of variance on ranks with posthoc Dunn's multiple comparison procedure was used to compare serum NT-pCNP concentrations among the sepsis, NSIRS and healthy control groups. Serum NT-pCNP was compared among sepsis subgroups by a 1-way analysis of variance with posthoc Fisher least significant difference method. A Mann-Whitney rank-sum test was used to compare age, weight, duration of hospitalization and SIRS score between the sepsis and NSIRS groups. A receiver-operating characteristic (ROC) curve was used to determine the area under the curve (AUC) and select the optimum cut-off value that maximized the Youden's J statistic (sensitivity 1 specificity-1) for sensitivity and specificity reporting. For the purposes of sensitivity and specificity reporting, dogs with sepsis and a positive test result were considered true positives. Conversely, dogs without sepsis and with a negative test result were considered true negatives. Mortality was compared between the sepsis and NSIRS groups using a Fisher exact test. Logistic regression was used to assess the relationship between serum NT-pCNP concentration and mortality. A P-value of o.05 was considered statistically significant.
Results

Study Population
A total of 112 dogs met the criteria and were enrolled in this study, including 63 critically ill dogs and 49 healthy control dogs. Of the 63 critically ill dogs, 29 were in the sepsis group and 34 in the NSIRS group.
The sepsis group consisted of 3 sexually intact females, 7 spayed females, 8 intact males, and 11 neutered males that were aged 7.2 AE 4.1 years (range 0.66-14 years) and weighing 26.8 AE 16.6 kg (range 1.8-70 kg). Breeds represented included Labrador Retriever (4), Dachshund (3), mixed breed (2), Boxer (2), and Australian Shepherd (2) . The number of dogs in each sepsis subgroup is noted in Table 1 . Infection was identified based on culture (12), cytology (18) , histopathology (7) , and/or parvovirus antigen test (1) . Infection was caused by bacterial (24) (2), and Chihuahua (2) . Dogs in the NSIRS group had a variety of conditions, including neoplasia (8; hemangiosarcoma [2] , lymphoma [2] , hepatocellular carcinoma, malignant histiocytosis, lymphocytic leukemia, mast cell tumor), IMHA (5), acute respiratory distress syndrome (3; secondary to airway obstruction [2] and immune-mediated vasculitis [1] ), trauma (2), pancreatitis (2), toxicity (2), immune-mediated polyarthritis (2), hypoadrenocorticism (1), acute renal failure (1), noninfectious aspiration pneumonia (1), chylothorax (1), gallbladder mucocele (1), gastric dilatation and volvulus (1), Shar-Pei fever (1), spontaneous pneumothorax (1), snake envenomation (1), hemoabdomen (1).
The healthy control dogs included 25 spayed females and 24 castrated males that were aged 4.6 AE 3.6 years (range, 0.5-16 years) and weighed 22.5 kg (range, 6.7-50.5 kg). Breeds represented included mixed breed (28), Golden Retriever (3), Labrador Retriever (3), Belgian Malinois (2), Border Collie (2), and Weimaraner (2) .
The duration of hospitalization was 5.5 days (mean, range 1-41 days) for the sepsis group and 3.3 days (range 1-28 days) for the NSIRS group. The sepsis group SIRS score was 2.5 AE 0.6 (mean AE SD); 15 dogs had a score of 2, 13 dogs had a score of 3, and 1 dog had a score of 4. The NSIRS group SIRS score was 2.3 AE 0.5; 24 dogs had a score of 2, 9 dogs had a score of 3, and 1 dog had a score of 4. There was no significant difference in age, weight, duration of hospitalization, or SIRS score between groups nor was there a difference in rectal temperature [median (range); sepsis, 39.31C ( (Fig 1) . The sensitivity was 65.5% (95% CI, 45.7-82.1%) and the specificity was 89.2% (95% CI, 80.4-94.9%) for differentiating dogs with sepsis from dogs with NSIRS or healthy control dogs at a cut-off value of 10.1 pmol/L. Using this cut-off value, there were 9 false positives and 10 false negatives (Fig 2) . The pos-itive and negative likelihood ratios were 6.06 and 0.386, respectively. The false positives consisted of 2 dogs with IMHA, 1 dog with a toxicosis (because of suspected tremorgenic mycotoxin ingestion), and 6 healthy dogs (Fig 2) . There were 10 false negatives, which included 1 dog in the pulmonary subgroup with bacterial bronchopneumonia and 9 dogs in the peritoneal subgroup (septic peritonitis). Nine of 12 dogs in the peritoneal sepsis subgroup had a false-negative test. There were various inciting causes of peritoneal sepsis in the dogs with false-negative test results. These included perforated gastric ulcer (2), perforated duodenal ulcer, gun shot wound with bowel perforation, perforated intestinal mass (lymphoma), colonic perforation, bacterial contamination from repeated abdominocentesis, dehiscence of 2 enterotomy and a jejunostomy tube sites, and both bacterial and fungal (Candida) peritonitis post-laparotomy.
Serum NT-pCNP was compared among the sepsis subgroups. Because the urogenital, systemic, subcutaneous, and musculoskeletal groups had 2 or less dogs per category, they were combined. Therefore, peritoneal, abdominal, pulmonary, and a combined subgroup were used for analysis. Dogs in the peritoneal subgroup (mean AE SD, 7.6 AE 9.8 pmol/L) had significantly lower serum NT-pCNP concentrations than dogs in the abdominal (32.2 AE 14.4 pmol/L; P 5 .001), pulmonary (19 AE 23.3 pmol/L; P 5 .04), and combined (37.2 AE 22.5 pmol/L; P o .001) subgroups. There were no other significant differences among subgroups. Because the peritoneal subgroup had significantly lower serum NT-pCNP concentrations than the other subgroups, we evaluated the sensitivity and specificity of this diagnostic test when the peritoneal subgroup was removed. When all dogs in the peritoneal subgroup were removed from the analysis, the AUC was 0.92 (95% CI, 0.81-1.0), the sensitivity was 94% (95% CI, 71-100%) and the specificity was 89% (95% CI, 80-95%) for differentiating dogs with sepsis from dogs with NSIRS or healthy control dogs (Fig 1) . The positive and negative likelihood ratios were 9.4 and 0.067, respectively.
There was no significant difference in survival to hospital discharge between the sepsis group (58.6%) and the NSIRS group (46.9%). Serum NT-pCNP concentration did not significantly correlate with survival in the sepsis group (odds ratio 0.995; 95% CI 0.959-1.032; P 5 .792).
Discussion
In this investigation we found that serum NT-pCNP had a sensitivity of 65.5%, specificity of 89.2%, positive likelihood ratio of 6.06, and negative likelihood ratio of 0.386 for differentiating dogs with sepsis from dogs with NSIRS or healthy control dogs in this population overall and serum NT-pCNP concentrations at ICU admission were not associated with survival in the sepsis group. Serum NT-pCNP identified sepsis in dogs with a variety of infection types including bacterial, fungal, and viral infections involving a variety of organ systems. In comparing sepsis subgroups, NT-pCNP had poor sensitivity in dogs with a peritoneal source of sepsis. Septic peritonitis might be a unique form of sepsis in dogs as it is in other species which results in altered concentrations of inflammatory markers in the blood compared with the localized area of infection. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Excluding the peritoneal source of sepsis subgroup, NT-pCNP had a sensitivity, specificity, positive likelihood ratio, and negative likelihood ratio of 94, 89%, 9.4, and 0.067, respectively, for differentiating dogs with sepsis from dogs with NSIRS or healthy control dogs. These data suggest that serum NT-pCNP could be a valuable diagnostic test for dogs with nonperitoneal sources of sepsis.
The quest to find more rapid, accurate means to identify and prognosticate sepsis has resulted in evaluation of a variety of potential biomarkers. Endotoxin activity, tumor necrosis factor, interleukin-6, nitric oxide, interleukin-10, procalcitonin mRNA, markers of coagulation, von Willebrand factor antigen concentration, C-reactive protein and a variety of clinical findings including heart rate, respiratory rate, white blood cell count, or markers of organ or metabolic dysfunction have been evaluated as possible diagnostic, prognostic, or both, biomarkers for sepsis in dogs. 1, 3, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Many of these studies either focused on the prognostic importance of the particular parameter or did not evaluate the sensitivity and specificity of the marker of interest. Therefore, it is difficult to compare the performance of NT-pCNP to each of these biomarkers.
Clinical parameters such as heart rate, respiratory rate, rectal temperature, and white blood cell count are often used in the diagnosis of sepsis. Investigators have evaluated the sensitivity and specificity of these parameters for the diagnosis of sepsis in dogs. Hauptman et al 3 reported sensitivity and specificity for rectal temperature (sensitivity, specificity; 63, 72%), heart rate (47, 81%), respiratory rate (85, 12%), and white blood cell count (87, 69%) in differentiating sepsis from other forms of noninfectious illness. We found no difference between the sepsis and NSIRS groups in regard to rectal temper-ature, heart rate, respiratory rate, white blood cell count. While SIRS criteria might help the clinician identify illness, they do not accurately differentiate infectious from noninfectious causes of that illness. This highlights the importance of identifying diagnostic biomarkers for sepsis in dogs.
Based on our data, serum NT-pCNP is a promising biomarker for nonperitoneal sources of sepsis in dogs. Serum NT-pCNP had a sensitivity of 65.5%, specificity of 89.2%, and AUC of 0.71, indicating that this test had moderate accuracy for discriminating between dogs with and without sepsis. 43 Likewise, serum NT-pCNP concentrations 410.1 pmol/L predict sepsis with a positive likelihood ratio of 6.06 and a serum NT-pCNP concentration o10.1 pmol/L excludes sepsis with a likelihood ratio of 0.386, indicating moderate to poor impact on posttest probability of disease. 43 However, when the peritoneal sepsis subgroup was removed, the sensitivity improved dramatically from 65.5 to 94%. The AUC also markedly increased to 0.92, which is in the high discrimination accuracy range. Positive and negative likelihood ratios were 9.4 and 0.067, indicating that serum NT-pCNP substantially improved the posttest probability estimates for the diagnosis of nonperitoneal sources of sepsis.
Serum NT-pCNP performed poorly in dogs with peritoneal sources of sepsis. Of the 10 dogs with falsenegative NT-pCNP test results, 9 were in the peritoneal subgroup and 1 dog was in the pulmonary subgroup (bacterial bronchopneumonia likely secondary to aspiration of food). The dog with pneumonia had been treated with antibiotics for several days before presentation and was clinically improving. In this instance, the NT-pCNP concentration could have been higher in the days proceeding presentation to our hospital and the low concentration of NT-pCNP might have been evidence of resolving infection.
It is unclear why 75% of dogs in the peritoneal sepsis subgroup had a false-negative test result. One possible explanation is that the anatomic region of sepsis alters the immune response and physiologic manifestation of disease. [21] [22] [23] [24] [25] Variation in organ and tissue-specific response (ie, compartmentalization) is a well-described phenomenon in multiple species, particularly in relation to peritoneal sepsis. [26] [27] [28] [29] Compartmentalization results in greater concentrations of inflammatory markers in peritoneal fluid than in the blood and a lack of correlation between peritoneal fluid and serum inflammatory marker concentrations in people with septic peritonitis. 29 This is in contrast to other organs or anatomic regions where compartmentalization is not recognized and inflammatory markers in the blood could be more exaggerated than in the individual tissue. 20 Additionally, the peritoneum might act as a barrier decreasing absorption of molecules and thus absorption of NT-pCNP into the systemic circulation. 44 In dogs with septic peritonitis, tumor necrosis factor concentrations are greater in the abdominal fluid than in the serum suggesting that compartmentalization occurs in this species as well. 45 It is possible that the lower than expected serum concentrations of NT-pCNP in dogs in the peritoneal sepsis subgroup relates to these unique features of septic peritonitis. Future investigations comparing NT-pCNP concentrations in peritoneal fluid and serum could help investigate this hypothesis. Nevertheless, based on these data, serum NT-pCNP is not a sensitive means to diagnose septic peritonitis and should not be used in this subset of dogs.
In the NSIRS group, there were 3 false-positive test results. There are several plausible explanations for these results. All 3 dogs with false-positive test results had conditions that might have resulted in gastrointestinal barrier dysfunction and bacterial or endotoxin translocation. Of these cases, 2/3 had clinical signs that suggested gastrointestinal barrier dysfunction. Thus, it is possible that there was an infectious component secondary to the primary disease process and the increased serum NT-pCNP concentration was actually a truepositive result. Additionally, CNP could have been induced through a pathway unrelated to infection in these dogs. In bovine endothelial cells, human peripheral blood leukocytes, and mouse peritoneal macrophages, CNP is induced by several inflammatory mediators and it is possible that similar pathways for CNP induction are present in the dog. [4] [5] [6] However, most of the dogs in the NSIRS group had pathologic processes known to induce inflammatory mediator production in dogs. [46] [47] [48] [49] [50] If the false-positive results were simply because of activation of inflammatory pathways unrelated to infection, it would be rational to expect a greater number of false-positive test results in the NSIRS group. This hypothesis could be further evaluated by concurrent measurement of NT-pCNP and key proinflammatory mediators in dogs and through ex vivo work evaluating induction pathways for CNP in canine vascular endothelium and macrophages. There were also 6 false positives in the healthy control dogs. The dogs with false positives all had serum NT-pCNP concentrations 12.5 pmol/L. The false positives in the healthy group could represent normal biologic variation.
There are several limitations to this study that should be noted. There was a small sample size and there were relatively few dogs with fungal or vial infections included in this study. Additionally, it is possible that some of the dogs placed in the noninfectious NSIRS category might have had an infection thus skewing our results. Investigation of larger, more diverse population of dogs is needed to confirm our findings. Some of the dogs in this investigation had treatments administered before sample collection and this could have influenced the results. Serum NT-pCNP concentrations were only evaluated at a single time point, with in 24 hours of admission to the ICU. It is possible that evaluation of NT-pCNP at a different time point or serially would have improved diagnostic sensitivity. Because serum NT-pCNP concentrations at ICU admission did not correlate with survival in this study, serial evaluation of NT-pCNP could be a more effective means to predict outcome. Finally, to optimize the clinical usefulness of this biomarker, a cage-side test should be developed and evaluated.
Serum NT-pCNP has good specificity (89%) for the diagnosis of sepsis in dogs. However, NT-pCNP had a sensitivity of only 25% in dogs with a peritoneal source of sepsis, which reduced the overall sensitivity of this diagnostic test to 65.5%. For nonperitoneal source sepsis, serum NT-pCNP has a good sensitivity (92%). Serum NT-pCNP has promise as a new diagnostic test for sepsis in dogs, but caution should be used in interpreting negative test results from dogs with clinical signs suggesting septic peritonitis. Additional investigations are needed to confirm these data and investigate if peritoneal fluid would be a better sample type for NT-pCNP analysis for the identification of septic peritonitis in dogs. 
Footnotes
